A new result report for Mascot search results is described. A greedy set cover algorithm is used to create a minimal set of proteins, which is then grouped into families on the basis of shared peptide matches. Protein families with multiple members are represented by dendrograms, generated by hierarchical clustering using the score of the non-shared peptide matches as a distance metric. The peptide matches to the proteins in a family can be compared side by side to assess the experimental evidence for each protein. If the evidence for a particular family member is considered inadequate, the dendrogram can be cut to reduce the number of distinct family members.
Introduction
In shotgun proteomics, a mixture of proteins, which may be as complex as a whole cell lysate, is digested to peptides prior to chromatographic separation and analysis by mass spectrometry.
Database searching of the MS/MS spectra delivers matches to peptide sequences. Using these matches to deduce which proteins were present in the original sample is surprisingly difficult because many of the peptide sequences in a typical search result can be assigned to more than one protein.
A comprehensive description of the 'Protein Inference Problem' can be found in the review by Nesvizhskii and Aebersold [1] . More recently, computational tools for protein inference and estimation of protein false discovery rate (FDR) have been reviewed by Li et al. [2] , who observed that they can be categorised as deterministic approaches (DBParser [3] , Mass Sieve [4] , EPIR [5] , Isoform Resolver [6] , DTASelect [7] , ProteinScape [8] , IDPicker [9, 10] , PROVALT [11] ) or probabilistic approaches (Qscore [12] , PRISM [13] , ProteinProphet [14] , PRO_PROBE [15] , PANORAMICS [16] , EBP [17] ). A review by Shi and Wu [18] contains additional discussion of how peptide uniqueness and detectability can be utilised, such as proteotypic peptides [19] and a Bayesian model that penalises a protein for the absence of a match to an expected peptide [20] .
Other approaches include protein interaction network information as a basis for accepting protein identifications that might otherwise be rejected as unsafe, such as proteins identified by a single peptide [21] ; spectral networks, in which overlapping uninterpreted MS/MS spectra are combined into longer chains, then mapped directly to protein sequences [22] ; the classification of peptides according to a fully characterised gene model [23, 24] ; and MAYU analysis to estimate the FDR for an existing set of protein identifications [25] . Figure 1 illustrates the fundamental ways in which proteins can be related through shared matches. In this discussion, we assume that most individual peptide matches are reliable. That is, some type of threshold has been applied to eliminate the bulk of random matches, resulting in a known and acceptable FDR. The extent of sequence redundancy in the public databases varies considerably [26] . At one extreme, with very high redundancy, are the comprehensive, non-identical databases such as NCBI nr and UniRef100. At the other extreme, curated, non-redundant databases such as SwissProt and IPI. Sequence redundancy is compounded by identification ambiguity. Matching is a statistical process and, however stringent the scoring and filtering, there will be some level of incorrect identifications. Random matches are not such a problem because they are more or less uniformly distributed across the database entries. It is systematic mis-identification due to ambiguous mass values that most affects protein inference. Depending on the mass spectrometer type and accuracy, it may be difficult or impossible to distinguish between I and L, Q and K, F and oxidised M, E or D and de-amidated Q or N, etc.
A report created from database search results can take a maximal or minimal approach to listing the identified proteins. The maximal list is all database entries that contain one or more of the identified peptides. The minimal list is the smallest set of database entries that accounts for all the identified peptides. The mechanism for selecting a minimal list is often described as Occam's razor or the principle of parsimony.
The maximal approach is only useful for the very smallest of searches, where manual inspection or evidence from other sources will be used to decide which proteins were truly present in the sample. Publishing a maximal list is discouraged by journal guidelines because of the risk that a researcher using the data may not understand that the sample actually contained only a fraction of the proteins listed, and there are many possible ways to select a shorter list of proteins that would account for all the observed peptides. This does not mean that a minimal list is an end in itself, or the ideal representation of the search results for all purposes [27] . For example, it is perfectly possible for the protein with the largest number of high scoring peptide matches or the greatest sequence coverage to be dropped, as illustrated by the hypothetical case in Figure 2 .
<Figure 2>
Computing a protein score or probability from the scores or probabilities of the assigned peptide matches is a popular way of ordering a report, so that the proteins with the largest number of strong peptide matches rise to the top. It is arguable whether protein scores have any deeper meaning. In a large scale experiment, where the minimal protein list may contain hundreds or even thousands of proteins, strict ordering by protein score can cause similar proteins to become widely scattered, making relationships, such as the presence of isoforms, difficult to discern.
Of course, the true goal of a shotgun proteomics experiment is not the creation of a table of proteins for a publication; it is to gain insight into a biological system. Since there is no immediate prospect of replacing the researcher's biological knowledge with any kind of expert system, the key requirement is to present the search results in the clearest possible manner, making it easy to 'drill down' and inspect the evidence for proteins of interest. The report should facilitate answering questions such as:
 For which proteins do we need to make antibodies?
 Is there evidence for a particular isoform of this protein?
 Does this protein carry a biologically interesting modification or polymorphism?
 Which proteins have been up or down regulated?
Grouping identified proteins into families based on sequence homology dramatically simplifies the interpretation of a result report because it makes it easier to locate the proteins of interest. All against all alignment using sequence homology is computationally intensive, so it is usually implemented by searching a pre-clustered database, such as ProteinCenter (Proxeon A/S, Odense, Denmark) or by using a pre-built index that maps database entries into families, such as UniGene [28] . Mascot Integra (Matrix Science Ltd., London, UK) is a proteomics data management system that implements real-time BLAST-based clustering of the proteins found in a database search result, but this is time consuming when a large number of proteins are selected unless a powerful BLAST server is available.
We have found that clustering by means of shared peptide matches is an acceptable surrogate for homology based clustering, and have extended this by performing hierarchical clustering of each protein family using the score of the non-shared peptide matches as a distance metric.
Hierarchical clustering has been applied previously to MALDI MS mass values in connection with Peptide Mass Fingerprinting [29] but not, to our knowledge, for grouping proteins based on shared peptide matches. A new report is described, in which each protein family is represented by a dendrogram (or cladogram), illustrating whether family members are closely or distantly related. A greedy set cover algorithm is used to converge rapidly on a minimal list of proteins.
The peptide matches to the proteins in a family can be compared side by side to assess the experimental evidence for each of them. If the evidence for a family member is considered inadequate, the dendrogram can be cut to reduce the number of distinct family members.
Experimental
Searches of a public domain data set distributed for the ABRF iPRG2008 study [30] are used to illustrate points in the discussion. Proteins from a mouse liver differential expression experiment (details not provided) were digested with trypsin, alkylated with methyl methanethiosulfonate, labelled with an iTRAQ tag, combined, and then separated into 13 fractions by strong cation exchange chromatography. The fractions were analysed on an Applied Biosystems 3200 QTRAP system (AB Sciex, Foster City, CA, USA) producing 29 raw files and 41977 spectra. Peak lists were generated by iPRG committee members in a variety of formats. The algorithm used to create the protein family report, which is part of Mascot 2.3, is summarised in Figure 3 . The report is generated by a Perl script that calls the Mascot Parser library to read data from the Mascot result file.
<Figure 3>

Results & Discussion
In the new report, proteins are grouped into a family if they have significant matches to one or more distinct peptide sequences in common. Matches with scores below the significance threshold play no part in the grouping because they have an unacceptable chance of being random and should not be used as evidence to link or differentiate proteins.
If two proteins have the same set of peptide matches, the distance between them is zero. If they have a mix of shared and non-shared matches, the distance between them is the sum of the score excesses over threshold of all the distinct, non-shared matches in one protein, since discarding these would make one protein a subset of the other, based on the shared matches. In this calculation, each distinct peptide sequence is represented once by the match with the highest score, irrespective of charge state or modifications state. Note that this distance measure is asymmetric, and the score distance to make protein A into a subset of protein B will not be the same as that to make B a subset of A. The smaller distance is always chosen.
There are some subtleties to this procedure. Consider the case of two proteins which have different peptide matches to the same spectrum with the same score. Only one of these matches can be correct, but we don't know which. (Unless the spectrum contains fragments from multiple peptides, as discussed below.) An example is where the two peptide sequences differ only in exchange of I and L. These sequences may behave differently in biological terms but, if the scores are the same, there is simply no evidence from the mass spectrometry data to distinguish the two possibilities [31, 32] . Such a match should make no contribution to the distance between the two proteins.
Now, consider the case where we have two proteins with different peptide matches to the same spectrum, but the scores are not the same. Assume the score threshold is 40 and one match has a score of 60 and the other has a score of 70. Again, only one of these matches can be correct; but it is not the same as if they were independent matches to different queries. Extending the logic that matches to the same spectrum with the same score correspond to a distance of zero, matches to the same spectrum with different scores contribute a distance that is the score difference. In this example, the distance would be 10. If the two matches came from different queries, and could be treated independently, the distance contribution would be either (70 -40) = 30 or (60 -40) = 20, depending on which one had to be sacrificed to make one protein into a sub-set of the other.
This neglects the possibility that matches to two different peptides are obtained because the spectrum is a mixed one, containing fragments from a pair of isobaric and co-eluting peptides. In most cases, the scores from mixed spectra are poor, and it would be unusual to get significant matches to both components. Should this occur, and one or both sequences are not represented independently with a higher score elsewhere in the search results, from a different time point or in a different modification state, then the distance between the proteins will be under-represented. In the limiting case of equal scores, it will be as if there was no match to the mixed spectrum.
To create the dendrogram, we first compute a distance matrix, which is the distance between each pair of proteins. The two proteins separated by the smallest distance are joined to create a node, and the length of the branches from the node are the score distance between the proteins.
The two joined proteins are removed from the list, and the distances between the new node and all other remaining proteins (or nodes) computed. The process is repeated until only one node remains. When the dendrogram (or tree) is drawn, the order is chosen to avoid any branches crossing. There is no other significance to the order of the branches, and there are many possible ways to order the branches so as to avoid crossings. In the tabular part of the report, proteins are sorted in order of decreasing score, which will often be different from the order of the dendrogram branches.
It is common for two members of a larger family to have no shared matches. Every protein in the family is linked to others by means of shared matches, or they would never have been grouped together, but this doesn't mean that there are going to be shared matches between every pair of family members. More unusually, a family member will appear to have no shared matches with any other member. This can happen when all the proteins that link the member into the family are relegated to subset status as intersection proteins. Figure 2 illustrates such a case. If a family is of interest, the details can be displayed by clicking on the small triangle to expand that section of the report. It is clear from the protein descriptions that family 25 contains four cytochrome P450 proteins. Figure 4 shows the appearance when this family is partially expanded. A list of the anchor proteins with additional information and expansion buttons for any same-sets proteins is followed by a table of the peptide matches. To simplify the display for publication, the table has been filtered so that only peptide matches with scores above a 5% significance threshold are displayed. Controls for such filters are at the head of the report.
For each of the anchor proteins, beside the protein score and mass, there are counts of the number of matches and the number of distinct sequences. In each column, the first number is the total count while the number in parentheses is the count for matches above the significance threshold. Since we have filtered the report to only include matches above this threshold, the two numbers are always the same in the figure. Anchor proteins are in order of protein score, and it can be seen that family member 25. The adjacent columns provide a mapping between the family members and the peptide matches.
A square marker at the intersection of a row and column indicates that the peptide match is found in the family member. Usually, the interest will be in making a pair-wise comparison, and too many columns can confuse the eye, so checkboxes above the table can be used to select a smaller set of proteins. Peptide match rows are only displayed if the match is found in at least one of the selected proteins, so the number of rows will also decrease and the table becomes much easier to comprehend.
Selecting family members 25.1 (P24456 cytochrome P450 2D10) and 25.2 (Q3UNW2 cytochrome P450 2D9) would immediately show that they have 3 distinct sequences in common, and that we would have to discard matches to 4 distinct sequences to make 25.2 into a subset of 25.1. The score excess over threshold for these 4 sequence totals 43, which corresponds to the distance on the dendrogram from the origin to the point at which these two family members are joined. Cutting the dendrogram at (say) 45 would make Q3UNW2 into a subset of P24456 and reduce the family to 3 members.
A decision about whether to include Q3UNW2 in a list of identified proteins comes down to whether one is willing to treat these 9 matches to 4 distinct sequences as unreliable. Looking at the peptide match table, 3 of these sequences have weak matches, barely above threshold. Most of the score comes from GTILLPNMSSMLK, with 6 matches, the highest score of 70 corresponding to an expect value of 9.1E-6. In such a case, expanding the row to show the alternative matches to the spectrum is important because it could be that there was another match with a similar score that belonged to a different family. If so, our confidence in using this match as evidence for Q3UNW2 might be reduced. But, this is not the case. A further step might be to run a BLAST search, and see whether a very similar peptide is found in one of the other family members, raising the possibility that the matched peptide contains a polymorphism. This can be done by clicking on two hyperlinks. In a search of Swiss-Prot 2010_04 using BLAST 2.2.23
(NCBI, Bethesda, MD, USA), the next best match is to the sequence we are currently comparing it to: P24456 cytochrome P450 2D10
Query 1 GTILLPNMSSMLK 13
G+IL+PNMSS+LK Sbjct 395 GSILIPNMSSVLK 407
No known mutants at these positions are listed in either Swiss-Prot entry, and this is a strong match so, on balance, one might choose to accept it as sufficient evidence that the sample contained cytochrome P450 2D9.
Slightly higher in the report, there is another family of cytochrome P450 proteins, illustrated in In a very long list of proteins, such decisions need to be reduced to simple rules that can be automated in software. These cases illustrate how the dendrogram can be used as a short-cut to making such decisions. By cutting all dendrograms at a score difference of 10 or 20 or whatever value is preferred, family members for which there is only tenuous evidence can be relegated to subset status automatically. If these five Fasta files were to be searched directly, the results would be distorted by the variation in significance threshold resulting from the change in the number of entries. That is, a match that was just above the significance threshold in one of the smaller databases might be lost in the search of a larger database. To correct for this, we reversed and appended all the sequences in Swiss-Prot that were not part of the selected taxonomy, making the size of the database invariant for all searches.
Since the sample was known from earlier searches to contain bovine trypsin, the individual Swiss-Prot databases were searched in combination with a contaminants database, cRAP (http://www.thegpm.org/crap/index.html), to ensure that this was not a source of variation between searches. Mascot automatic decoy mode simulates a search of a separate, randomised, decoy database, enabling the calculated significance threshold to be adjusted to achieve a verified FDR (for peptide matches) between 4.9% and 5.1%. Examination of the decoy matches showed that no decoy protein had significant matches to more than one distinct peptide sequence. By applying a rule that a protein must contain significant matches to at least two distinct peptide sequences, we expect that few, if any, false proteins are reported. Table 1 are based on matches above the homology threshold.) The Peptide summary more closely approaches a minimal list of proteins if two filters are applied. Peptide matches that are below a 5% significance threshold are discarded and a protein is only listed if it contains at least one match that is 'bold red'. That is, a match that is the highest scoring for the spectrum (red) and where a match to the spectrum has not appeared in any higher scoring protein (bold). This gives a much smaller list of proteins, which changes little with database size (range 171 to 184). The 'require bold red' filter removes the majority of the intersection proteins and proteins that would be subset proteins except for random matches, but misses some because it depends on the order in which the proteins appear in the report. The final two rows of Table 1 are for family members in the new report and for families. The difference between the filtered peptide summary and count of family members is small, indicating that there are few intersection proteins in this particular result, if any. In fact, the filtered peptide summary tends to contain one or two fewer proteins. This is caused by the 'require bold red' filter removing proteins that it should not. For example, in the search of the mouse database, CP238_MOUSE is listed as family member because of a significant match to EALIDHGEEFSGR. This is not the top-ranked match to the spectrum, and there are no other 'bold red' matches for this protein, so it gets dropped from the filtered Peptide Summary The question is whether this indicates over-clustering, where one or two shared matches join proteins that have little homology otherwise.
<Table 2>
The upper part of Figure 6 shows the matches for family 17. In UniGene, CJ141860 is assigned to Mm.170587 (Histone cluster 1, H1e) while AI227255 is assigned to Mm.193539 (Histone cluster 1, H1c). The alignment of the two sequences using ClustalW [34] is shown in the lower part of Figure 6 , with the matches highlighted in red. The region in which we have matches is , there are 3 matches to each sequence, and the two sequences are in perfect alignment, which need not be the case if one match was random. There is the possibility that both matches are to the same primary sequence but one or both are modified close to the N-terminus in a way that creates a mass difference of 30 Da. There is no single entry in Unimod that could account for this, but there are possibilities if multiple modifications are considered. If this question was important, the way to resolve it would be to acquire more data in a targeted experiment.
Otherwise, clustering these two proteins together seems like a reasonable way to present the results, even though UniGene places the two sequences into different gene families.
<Figure 6>
Inspection of families 5, 9, 12 and 13 reveals a similar story. Clustering on the basis of shared peptide matches sometimes groups proteins that belong to different UniGene clusters, but it doesn't appear to group unrelated proteins. For example, the Cytochrome P450 proteins are cleanly divided into family numbers 4 (Cyp1a), 5 (Cyp2c), 7 (Cyp3a), and 11 (Cyp2d). It is to be expected that shared matches will be less discriminating than sequence homology alignment, which attempts to align complete protein sequences. Using shared matches, the unmatched regions of proteins are ignored, meaning similar discrimination can only be achieved for proteins with high coverage.
Significant matches to at least three distinct sequences are required for a family to have two members, (one non-shared match for each member plus one shared match to connect them).
Thus, multi-member families are more common towards the top of the report, where coverage is relatively high for at least one protein in each family. The relationship between clustering and peptide FDR is more complex. If it is possible to get significant scores for matches to peptide sequences that are so short as to occur by chance in multiple, unrelated proteins, these could create both false protein matches and false connections between proteins. The minimum peptide length in Mascot has a default setting of 5 residues, and it is difficult to get a significant match to very short peptides. For example, the maximum score that a 5-mer can achieve is 49 (GGGGG with perfect mass accuracy, complete y series, no other peaks). Even so, it is advisable to increase the minimum peptide length if the peptide FDR is unusually high and the number of spectra is large compared with the size of the database. As an example of an extreme case, the peptide FDR was set to 15% for a search of 278,000 spectra against SwissProt 57.11 (512,994 sequences). Over-clustering produced a family of 1,223 members representing 22,450 same-set and subset proteins. Increasing the minimum peptide length from 5 to 6 removed many false connections, but the largest family still had 221 members. Further increasing the minimum peptide length to 7 eliminated over-clustering, reducing the largest family to 9 members, all myosin heavy chain. It would be better if the length threshold was a function of the peptide FDR and the ratio between the number of spectra and the number of entries in the database, rather than a fixed value.
For peptides of reasonable length, which have negligible chance of occurring in multiple, unrelated proteins by chance, false peptide matches can lead to false proteins, but they can only cause false connections between true proteins when there are two or more significant matches to a single spectrum with identical scores for unrelated peptide sequences. The rule that matches with the same score are treated as indistinguishable sequences, which is useful for masking I/L and Q/K interchange, makes false connections possible, and they would not occur if only a single match per spectrum was allowed, however high the peptide FDR. (If the peptide sequence occurs in both proteins, the connection is legitimate even though the peptide match is not.) Unless the significance threshold is reduced to a level at which totally random matches to poor quality spectra are being accepted, it is rare for a spectrum to get significant matches to two unrelated sequences with identical scores, so that false peptide matches rarely create false connections in practice.
The other possibility is under-clustering, where we have peptide matches to two or more sequences with high homology, but no shared matches. We can estimate the extent of this by looking for members from different families that are assigned to the same UniGene cluster.
There are several such cases in the report. 
Conclusions
A new report has been described that seeks to present database search results in a more logical format, facilitating inspection of peptide match data for individual protein assignments. A greedy set cover algorithm is used to create a minimal set of proteins, grouped into families on the basis of shared peptide matches. For families with multiple members, hierarchical clustering is performed, using the scores of non-shared peptide matches as a distance metric. Dendrograms illustrate how family members are related and can be cut to discard members for which there is judged to be insufficient evidence. and both should be listed in the report; (ii) A and B are same-set proteins (also termed indistinguishable [1] or equivalent [3, 9] ). The report should make it clear that both are equally valid assignments of the peptide matches and that either could be present in the sample. The possibility that both are present is rejected by parsimony; (iii) B is a subset of protein A. B may be present in the sample, but there is no evidence for this, so by parsimony it is relegated to an inferior status or dropped entirely from the report; (iv) A and B are related through shared matches but there is evidence for both being present in the sample. They should both be listed in the report, ideally with some indication of their relationship; (v) Protein C is an intersection protein, a subset of the combined matches to A and B (also termed subsumable [1, 3, 9] ). By parsimony, it is relegated to an inferior status or dropped entirely from the report. which is an empirical estimate of whether the score is an outlier. The significance threshold is 5% by default, and can be changed in the user interface.
Figure Legends
Note 2. When selecting the proteins that contain a given match, if there are other matches to the same spectrum with identical scores, proteins containing these other matches are also selected. The rationale is that, if there is no score difference between two sequences, we cannot distinguish them and they should be treated symmetrically. An example would be two peptides that had identical sequences apart from interchanges of I and L. Where there are duplicate matches, it can happen that for one spectrum, two similar sequences get the same score while, for another spectrum, they get different scores. In such cases, the sequences are treated as distinguishable. Note 3. Finding all possible intersections so as to achieve maximum parsimony is an "NP-hard" problem. We use an iterative method to rapidly find a solution that is acceptably close to the optimum. The algorithm is based on the "greedy set cover algorithm" [35] used in IDPicker [9] . We have added two pruning steps that further reduce the number of proteins to inspect. In the following pseudo code, a free peptide means a peptide that is not contained by any protein in the result set S1:
reason to prefer one over another. The choice of one protein from a family member as the anchor, to be listed first and used to label the dendrogram, does not indicate a preference.
Note 5. The distance metric is the score of the non-shared peptide sequences, but similar results would be obtained using peptide lengths or simply the count. The reason for choosing score is that our confidence in the match increases with score. We contend that a non-shared match close to the score threshold is less evidence for the presence of two proteins than a match with a very high score. ELITKAVAASKERSGVSLAALKKALAAAGYDVEKNNSRIKLGLKSLVSKGTLVQTKGTGA 120 *********************************** * **** :. .:* * .: .
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